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This is a Library Circulating Copy whkh may be borrowed for two weeks. for a personal rete'1tion c.opY!"call In order to show'moreclearly the effects of machine parameters on cost, consistent cost-estimating procedures are applied to a wide variety of machines with various dipole magnetic fields, magnet apertures, and machine cycle time s. The cost of machines using a highly advanced nonexistent t3 tung stentype of material (Nb3Sn, . V 3Ga, etc.) is compared with machines using a practical Nb-Ti material now available.' The ba sic assumptions used in the cost-e stimating proce s s are de sc ribed. The basic machine parameters used in the estimate are discussed. The results of consistent cost calculations using the CDC 6600 computer are presented in tabular and graphical form. The costs for a number of these machines are broken down into component costs so that the effect of various machine parameters can, be seen in each of the important machine components. The effect of various machine parameters on the 10-year cost of electric power is also presented.
The report shows that the capital plus power cost or a superconducting" synchrotron can be expected to be lowe r by a factor of 2 or 3 than the be st of the conventional synchrotrons. The supercb~ducting machine would also have a gain in energy of 2 or 3 over the conventional machine of the same radius. The lowe st-cost machine s will have dipole magnetic inductions of the order of 40 to 50 kG, the machine cycle time s are likely to be 5 to 15 seconds. The report also makes it clear that no one'thing is 'going to have a dramatic effect on machine cost. In short, one is going to use the be st economically justified technology that is available to him at the time of construction of the synchrotron. 
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Introduction This report IS purpose is to show that one can expect that the cost of a superconducting synchrotron will be lower than or at least competitive with, the cost of the least expensive conventional synchrotron. Further-. more, the report points out the potential savings in operating cost that can be expected. By use of an overall systems approach. the effects of the important synchrotron parameters on cost are investigated. The report points out that if the properties of the superconductor are properly used, substantial reductions in cost can be expected. This. however. may require some change of thought on the part of the high energy physicist. Most important, this report shows that there is no one aspect of machine de sign that affects the ove rall cost of the machine greatly. It also shows that 8uperconducting machine s that are of minimum cost are riot highfield machines (80 to 120 kG dipole) nor are they machines with fast repetition rate s. Instead, the minimum .. cost superconducting synchrotron will have characteristics that are well within the realm of todayls technology.
The earliest reports for superconducting synchrotrons indicated a potentiality for reducing their cost. 1,2 This was particularly true when the se costs were compared with the data then available on the cost of conventional synchrotrons. 3 By 1968 it had become clear that the political and technical guideline s for large machine construction in the United States had changed. As a result of these changes, a large reduction in the co st of conventional machine s could be realized. 4 Of cour se. the same political arid technical guideline s can and should be applied to superconducting synchrotrons as well.
The first study on the effects of machine parameters on superconducting synchrotron costs was presented in 1968. 5 This study suffered from the fact that much of the cost data was based on earlier machines. The cost data did not take into consideration the advanced technology that was being developed in a number of areas of accelerator development. This early report did, however, point out a number of interesting facts: (1) the cost of a very-high':"field machine (say, 70 to 100 k Oedipole strength) is higher than that of a machine which runs at moderate fields (40 to 50 k Oe); (2) higher repetition rates are expensive. It is economically de sirable to have longer cycle time s than in conventional machine s. This report made it very clear that one must use the properties of the superconductor to be st advantage if the machine cost is to be a minimum.
During the last three years a number of machine cost estimates have been made by a number of laboratorie s. 6-11 The reports have had many interesting things in common besides the fact they point out the potential cost saving possible in a superconducting synchrotron. Some of these cost estimates are discussed and compared with conventional machines in the next section. The cost of four superconducting synchrotrons is compared with the published cost estimate for the National Accelerator Laboratory machine with an energy of 500 GeV. These four superconducting synchrotron schemes have been previously presented. The costs of the various components are compared on the basis of their cost in millions of U. S. dollars per GeV. This cost comparison, along with a list of important machine parameters, is presented in Table 1 .
All the machine s listed in Table I have had the cost of their injectors and experimental areas exclude,d. Furthermore, the costs of engineering development and contingency have also been excluded. In other words, the machine estimates are for bare-bones main rings only. Table I illustrate s a numbe r of important points. (l) A greate r proportion of the cost of a conventional synchrotron will be tunnel, shielding, and plant. (2) The superconducting machine cost will be dominated by the technical components, the most important of which are magnet, power supply, refrigeration, and rf. (3) The cost of operating a superconducting machine (the power cost) is substantially lower than the cost of operating a conventional machine. (4) No one major component cost is glaringly dominant, as the tunnel and plant are for the conve ntional mac hine s.
.
For the five synchrotrons listed in the table, there is considerable scatter in the design assumptions and parameters which is reflected in the variations in the unit costs. Since the data in Table I do not show clearly the relation between primary machine parameters and cost, consistent cost estimates are made in the next section to' illustrate effects of some basic machine parameters on cost.
The Effects of Machine Parameters on Superconducting Synchrotron Cost
In order to show the effects of basic machine parameters on superconducting synchrotron cost, it was necessary to calculate a large number of cases using consistent cost data. This job was turned over to the CDC 6600 computer for speed and accuracy. Consistent cost factors were applied to a number of machines with varying dipole magnet inductions, varying magnet aperture, and varying cycle times. The effect of the·· possible development of a highly advanced stable low-ac-loss f3 -tungstentype . . supe rconducting mate rial is discus sed. i. These costs are based on the average of the estimate given. The whole estimate was rough and not in finished form.
J.This cost estimate is not included in the original report. Cost based on published power consumption figure except that for the 2000-GeV machine the CMS power costs were used. Assumed power cost $0. Ol/kW hr delivered to the equipment.
The following assumptions are used to estimate the various superconducting machine s.
(1) The magnet has a c~rcular bore and has coils which step in thickness azimuthally. (2) The iron shield is cold and concentric with the bore of the magnet. The shell is assumed to be unsaturated for aberrationfree performance over a wide range of magnet excitations. It should be noted that when the aperture s are small this corre spond s to the BN L closein iron construction. (3) Conventional motor-generator power supplies are assumed because of their obvious cost advantages. (4) Simplified massproduced c ryostats are as sumed. (5) 4. SOK helium refrigeration is ..
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assumed~-the efficiency of the machines is assumed to be about 25% of Carnot. It is unrealistic to assume otherwise at this time; be side s, it has little effect on economics to assume a more efficient machine. (6) The rf, injection-extraction, and control systems are based on conventional technique s . . (7) The high vacuum is supplied primarily through cryopumping on the cold bore of the magnets. (8) An NAL-size tunnel or slightly smaller is assumed. The remainder of the conventional facilities are estimated in a more or less conventional fashion. Nb-Ti material assumed to be comparable to the best of today's material. Coil current density 3 x 10 4 A/cm 2 at40 o K. Cost $3 x 10-3/A meter @ 40 kG. The advanced ~tungsten material has 2.5 times the current density and 1/3 the cost.
b. Central average induction in the magnet; actual induction in the magnet is higher.
c. Cycle time is divided as follows: rise time and fall time are 1/3 the cycle time each. The front porch is O. 5 sec. The flattop time is equal to 1/3 the cycle time minus 0.5 sec.
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The following approximate cost factors are generated by and used in the LRL computer progr~m SUPERA for calculating the costs of a . supe rconducting synchrotron. (1) The cost of supe rconductor is $3 x 10-3 per ampere meter for the Nb-Ti at 40 kG. The advanced f3 tungsten material cost is $1 x 10-3 per ampere meter at 40 kG. The magnet cur-'rent densities with each material respectively are 35 000 A/cm 2 at 40 kG and 75 000A/cm 2 at 40 kG. The cost of magnet fabrication is about 30% of the total cost for the Nb-Ti case and much higher for .the advanced f3 tungsten case. (2) The powe r:-supply cost is as sumed to be about $35/kW peak power. This cost, which is higher than the Brookhaven estimates, includes the cost cif installation and housing. (3) The cost of magnet cryostats is assumed to be about $1500 Qer meter. 12 (4) Refrigeration costs are ba,sed on the Strobridge data. 13 Recent transfer-line advances are considered. 14 (5) The tunnel cost used was $3500 per meter, including penefration, shielding, enclosure, and foundation. This is based on NAL experience. The cost of utilities is assumed to be $lOO/kW of power handled. (6) The cost of the electric power delivered to the machine is assumed to be $O.Ol/kW/hr. More information and cost data can be found in Refs. 15 and 16., Tables III through VI and Figs. 1 through 3 show the effect of various parameters on superconducting synchrotron cost. It is clear that the magnet pararnete rs do affect the capital cost and the capital-plus -ope rating cost of a superconducting synchrotron. It is quite clear that there is an optimum field at or near which a synchrotron should operate if it is to be of minimum cost. The magnet aperture does affect the cost of a super-. conducting machine, butnot so much as some people have said. Short cycle times are more expensive than long cycle times. In general, largeape rture long -cycle -time machine s are cheaper than short-cycle -time small-ape rture machine s for given intensity and injection condition. There will be an optimum aperture and cycle time for a minimum~cost machine. It is interesting to note that the results of this machine parameter study are similar to the one done in 1968 5 even though the cost factors used in this study are quite different from those used in the 1968 study. Table s . . ..
• .. The capital cost plus 10-year operating cost of alOOO GeV superconducting synchrotron as a function of the dipole induction, magnet aperture, and the machine cycle time. The costs are based on highly optimistic projection of a highly advanced ~ tungsten (Nb 3 Sn, V 3Ga, etc.) technology. . .
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XBL 712 ,6260 . The first and perhaps the most important conclusion that can be drawn from this study is that changes (even large changes) in one component of the machine construction do not have large effects on machine cost. Contrary to popular belief, new superconducting material, new powe r-supply technique, new superefficient refrigerators or very small saturated iron magnets will not have the large factor of cost reductions as sociated with them that some of their proponents have claimed. In short, if you we re able to employ all of the above technique s in the be st way you knowhow, you might achieve a 50% reduction of cost below machine s de signed to use pre sently available supe rconducting technology.
A second conclusion--perhaps surprising to those who are not intimately familiar with superconducting magnet technology--is that the use of high field (fields in the dipole greater than 60 k Oe) in a suppe rconducting machine is not economically justified. In gene ral, one cannot economically justify the use of fields ove r 45 or 50 k be. It should be noted, however, that because of limitations imposed upon the machine s~ze the use of higher-than-optimum fields may be desirable, but one will pay more money per GeV for the use of higher fields in the ring.
A third conclusion is that superconducting machines should and will have lower repetition rates than conventional machines. If high average intensity is required, it is in general better to increase the aperture rather than the repetition rate. Larger aperture (in magnets with unsaturated iron) eases a number of the field uniformity problems associated with the superconducting guide field magnets.
It appear s at this time that supe rconducting synchrotrons will enjoy a cost advantage of 2 or 3 ove r the be st of the conventional synchrotrons. A reduction in power cost can also be expected •. It should be noted that the cost of a superconducting ring is only a portion of the cost of a new facility. A superconducting synchrotron will have 2 to 3 time s the ene rgy of a conventional machine of the same size. The lowe st-cost practical machine s will have dipole field s of 40 to 50 k Oe, and cycle times of the order of 10 seconds or more, and apertures of 2 to 4 inche s. For technical reasons, fairly high injection energie s appear to be needed. It is clear that no dramatic orde r-of-magnitude change in cost is possible even with the best of material, power supply,
I
.
or refrigeration techniques. -In short, one will use the best economically justified technology that is available to him at the time of construction of the synchrotron. -.
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